Introduction
============

One of the aims of nanotechnology is the control of structures at the nanometer level. Such nanoengineering can lead to significantly modified, and often enhanced, properties. [@b1-ijn-7-5725] Electrospinning is a simple and straightforward technology for generating nanofibers. The popularity of this system is not only due to its easy implementation, versatility with regard to potential ingredient materials, but also its convenience in obtaining nanostructures.[@b2-ijn-7-5725]--[@b6-ijn-7-5725]

As a simple and straightforward "top--down" process, electrospinning has the unique capability of copying structures from the macro world to products at the micro/ nanoscale directly.[@b7-ijn-7-5725]--[@b10-ijn-7-5725] For example, electrospinning can easily duplicate the structure of macro jet devices (as concentric and side-by-side spinnerets) to generate products with special nanostructures such as core-sheath and side-by-side nanofibers.[@b7-ijn-7-5725]--[@b10-ijn-7-5725] In particular coaxial electrospinning, in which a concentric spinneret can accommodate two different liquids, is regarded as one of the most significant breakthroughs in the field.[@b11-ijn-7-5725]--[@b13-ijn-7-5725] It has been applied in controlling secondary structures of nanofibers, encapsulating drugs or biological agents into the polymeric nanofibers, fabricating polymeric microtubes, preparing nanofibers from materials that lack filament-forming properties, and enclosing functional liquids within the fiber matrix.[@b14-ijn-7-5725]--[@b18-ijn-7-5725] In traditional coaxial electrospinning, the sheath solution acts as a guide and surrounds the core material, which means that the sheath fluids must be electrospinnable and have enough viscosity to overcome the interfacial tension between the two solutions through "viscous dragging" and "contact friction" for a successful coaxial process.[@b17-ijn-7-5725],[@b18-ijn-7-5725]

More recently, a modified process based on coaxial electrospinning was reported, in which only unspinnable solvents were used as sheath fluids. This process was exploited to manipulate nanofiber diameters and control the size of self-assembled nanoparticles generated from the fibers, to prepare fibers from concentrated polymer solutions previously thought to be unspinnable, and to further decrease the nanofiber diameter to take advantage of the resultant high surface area and porosity in the nonwoven mats.[@b19-ijn-7-5725]--[@b22-ijn-7-5725] In all these investigations, sheath solvents act as a useful tool, permitting core electrospun fluid jets to be subjected to longer periods of electrical drawing. Later advances involved adding surfactants and salts to the sheath fluids so as to manipulate the conductivity and surface tension of sheath solutions for a better coaxial electrospinning process and produce nanofibers with even smaller diameters and a smooth surface morphology.[@b23-ijn-7-5725]--[@b29-ijn-7-5725] However in all the above-mentioned reports, the modified coaxial electrospinning processes generated nanofibers with improved quality in terms of nanofiber diameter, diameter distribution, as well as nanofiber morphology, but no attempts were made to modify the nanofibers so as to improve their functionality and enhance their nascent efficiency.

Silver (Ag) ions, colloidal silver nanoparticles (AgNPs) and silver-containing compounds are well documented as effective antiseptics for controlling broad-spectrum microbes and antibiotic-resistant bacteria in vitro.[@b30-ijn-7-5725]--[@b42-ijn-7-5725] Electrospun Ag-containing polymer nanofiber mats have been intensively investigated for potential biomedical applications, such as wound-dressing materials, body wall repairs, augmentation devices, tissue scaffolds, and antimicrobial filters.[@b43-ijn-7-5725]--[@b47-ijn-7-5725] However, all the nanofibers were prepared using a single fluid electrospinning approach involving codissolving solutions of polymer and silver nitrate (AgNO~3~). This was then followed by reduction of the incorporated Ag^+^ to AgNPs so as to take advantage of the unique property of nanofibers such as huge surface, small diameter, high porosity, and a three-dimensional continuous web structure. Although the prepared Ag-containing polymer nanofibers were demonstrated to provide the desired performance, most of the Ag was wasted as it was buried in the inner part of the nanofibers. It was proposed that if the AgNPs can be distributed on the surface of the nanofibers, the efficacy of the formulated material should be improved substantially.[@b48-ijn-7-5725]--[@b50-ijn-7-5725]

Polyacrylonitrile (PAN) is a synthetic, semicrystalline organic polymer resin, with the linear formula (C~3~H~3~ N)~n~. It is a versatile polymer used to produce a large variety of products including ultrafiltration membranes, hollow fibers for reverse osmosis, fibers for textiles, oxidized flame retardant fibers, and carbon fiber.[@b51-ijn-7-5725] Based on its wide-ranging applications and good electrospinnability, PAN was selected as the filament-forming matrix. The PAN nanofibers with AgNPs distributed on their surface were produced using a modified coaxial electrospinning process, which involved using only AgNO~3~ solution as the sheath fluid to facilitate the electrospinning process and render the new functions of the nanofibers.

Materials and methods
=====================

Materials
---------

PAN powders (*M̄~w~* = 80,000) were purchased from Jinshan Petrochemistry Co, Ltd (Shanghai, China). *N*, *N*-dimethylacetamide (DMAc) and AgNO~3~ were obtained from the Sinopharm Chemical Reagent Co, Ltd (Shanghai, China). All reagents were analytical grade and used without further purification. Water was double distilled just before use.

Coaxial electrospinning process
-------------------------------

### Preparation of spinning solutions

A solution of 15% (w/v) PAN in DMAc was used as core fluid. Pure DMAc and a concentration of 10% (w/v) AgNO~3~ in DMAc were employed as sheath fluids. Other conditions for fabrication of different nanofibers are listed in [Table 1](#t1-ijn-7-5725){ref-type="table"}.

The concentric spinneret was designed and fabricated in-house and used to carry out coaxial electrospinning. Two syringe pumps (KDS100 and KDS200; Cole-Parmer^®^, Chicago, IL) were employed to drive the sheath and core fluids according to the parameters in [Table 1](#t1-ijn-7-5725){ref-type="table"}. A metal clip was used to connect the spinneret with the high voltage supply (Shanghai SuTe Electrical Co, Ltd, Shanghai, China) and the applied voltage was 18 kV. The nanofibers were collected on a metal collector wrapped with aluminum foil and kept at a fixed distance of 20 cm away from the needle tip of the spinneret. The coaxial processes were recorded using a digital video recorder (PowerShot A640; Canon, Tokyo, Japan) under magnifications of 11×. The electrospun nanofibers were exposed to 254 nm ultraviolet light for 24 hours to reduce the Ag^+^ to AgNPs.

Characterization
----------------

The morphology of the core-sheath nanofibers was assessed using a Quanta FEG450 scanning electron microscope (SEM; FEI Corporation, Eindhoven, The Netherlands). The average fiber diameter was determined by measuring diameters of nanofibers over 100 points from field emission SEM images using Image J software (National Institutes of Health, Bethesda, MD). The elemental composition of the samples was analyzed by an energy-dispersive spectrometer EDAX (EDS; EDAX Inc, Draper, UT), \[software; IE300X, Oxford, UK\] attached to the SEM.

Transmission electron microscopy (TEM) images of the samples were recorded on a JEM 2100F field emission TEM (JEOL, Tokyo, Japan). TEM samples were collected by fixing a lacy carbon-coated copper grid on the collector.

Antibacterial test
------------------

The in vitro antibacterial activities of PAN nanofibers F2, F3, and F4 were examined according to enumeration by the plate count method described previously.[@b52-ijn-7-5725],[@b53-ijn-7-5725] The following microorganisms were used: Gram-positive *Bacillus subtilis* (*Wb800*) and Gram-negative *Escherichia coli dh5α* (*E. coli dh5α*). Briefly, sterilized Luria--Bertani (LB) broth was measured (5 mL) into an Erlenmeyer flask. Sixty mg PAN nanofibers were introduced into the LB broth solution, which contained approximately 1.5 × 10^5^ colony-forming units (CFU) of *Wb800* and *E. coli dh5α*, respectively. The mixtures were cultured at 37°C in a shaking incubator for 12 hours. One hundred microliters of each of these cell solutions was seeded onto LB agar using a surface spread plate technique. The plates were incubated at 37°C for 24 hours. The numbers of bacterial colonies (CFU) were counted.

Pure phosphate-buffered saline (PBS) and AgNO~3~ were also tested as blank control and positive control, respectively. One hundred microliters of each of these cell solutions was seeded onto LB agar using a surface spread plate technique. The plates were incubated at 37°C for 24 hours. The numbers of bacterial colonies (CFU) were counted. The counts were used to calculate the surviving number of bacteria. The antibacterial efficacy (ABE in %) of the specimen was calculated according to the following equation:
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where *V~c~* and *V~t~* stands for the numbers of viable bacterial colonies of the blank control (pure PBS buffer added) and test specimen, respectively. All the experiments were repeated six times and the results are presented as mean values.

Results and discussion
======================

Modified coaxial electrospinning
--------------------------------

A schematic diagram of the coaxial electrospinning process is shown in [Figure 1A](#f1-ijn-7-5725){ref-type="fig"}. Two syringe pumps were employed to drive the sheath and core fluids respectively. The nanofibers are collected on a plate and the coaxial processes can be recorded using a digital video recorder. The self-made concentric spinneret[@b20-ijn-7-5725] used to carry out the modified coaxial electrospinning is shown in [Figure 1B](#f1-ijn-7-5725){ref-type="fig"}. The upper surface of the core capillary was indented 1.0 mm from the tip of the sheath capillary, and this facilitates easier envelopment of the core spinning solution by the outer solvent. The system differs from conventional coaxial spinnerets in which the tips of the inner and the outer capillary are coplanar or the tips of the inner capillary slightly project out the tips of the outer capillary.

The critical voltage applied to a fluid to initiate Taylor cone formation and the straight thinning jet (*V~c~*) has a close relationship with the diameter of the sheath part of the concentric spinneret:[@b54-ijn-7-5725]
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where *V~c~* is the critical voltage for a jet emanating from the meniscus tip, *d* is the electrode separation, *ɛ* is the permittivity, *γ* is the surface tension, and *R* is the principal curvature of the liquid meniscus. A low diameter spinneret orifice gives a high value of *R,* and thus only a small *V~c~* is needed to initiate electrospinning. The self-made spinneret used in this work has outside and inner diameters of 1.2 and 0.3 mm respectively, facilitating the coaxial electrospinning process.

A digital picture of the coaxial electrospinning process is shown in [Figure 2A](#f2-ijn-7-5725){ref-type="fig"}. [Figure 2B](#f2-ijn-7-5725){ref-type="fig"} shows the connection of power supply with the spinneret and the sheath and core fluids. This modified coaxial electrospinning differs from the traditional coaxial process in that the core fluid was the protagonist whereas the sheath fluid played a supporting role for smoothing and stabilizing the overall process. It also differs from the traditional single fluid process as the formation of the Taylor cone, the thinning of straight jet and part of the instability region would occur in the surrounding solvent, not the atmosphere.

[Figure 2C](#f2-ijn-7-5725){ref-type="fig"} exhibits a typical fluid jet trajectory when core and sheath flow rates of 1.0 and 0.2 mL/hour were taken under a high voltage of 15 kV. A typical electrospinning process can be discerned according to the following stages: (1) fluid charging and the formation of the compound Taylor cone-jet, (2) thinning of the straight fluid jet, (3) onset and growth of jet instabilities (ie, the bending and whipping region) and random collections of the nanofibers. When the applied voltages were further raised to 18 kV, the compound Taylor cone shrank into the indented region of the outer capillary of spinneret and cannot be discerned in the picture ([Figure 2D](#f2-ijn-7-5725){ref-type="fig"}). However, the straight fluid jets, the bending and whipping of the fluid jets under the electrical field are all similar as those in [Figure 2C](#f2-ijn-7-5725){ref-type="fig"}. A higher applied voltage always leads to finer nanofibers, thus a voltage of 18 kV was selected as the final value for producing Ag-coating PAN nanofibers.

Morphology
----------

[Figure 3](#f3-ijn-7-5725){ref-type="fig"} shows the SEM images of the prepared four types of nanofibers. All the nanofibers have uniform structures without beads-on-a-string morphology owing to the good electrospinnability of the core PAN solutions. However, PAN nanofibers from the traditional single fluid electrospinning F1 have very rough surfaces, along with the largest average diameters and broadest distributions (750 ± 160 nm; [Figure 3A](#f3-ijn-7-5725){ref-type="fig"}).

When the coaxial electrospinning was taken with DMAc as the sheath fluid, the traditional Taylor cone-air and fluid jet-air interfaces have become Taylor cone-solvent and fluid jet-solvent interfaces. As a result, the formation of the cone-jet, the thinning of the straight jet and partial bending and whipping were different when compared to the traditional system conducted in air. The presence of sheath DMAc in the process would not only let the PAN fluid jet be subjected to a longer period of electrical drawing, but also provide stable and robust conditions for the solvent in the PAN fluid jet to evaporate. Correspondingly, the modified process generated nanofibers F2 with smaller diameters, narrower distributions (480 ± 130 nm), and smooth surface morphology ([Figure 3B](#f3-ijn-7-5725){ref-type="fig"}).

When AgNO~3~ solution was employed as sheath fluid, the nanofiber (F3) diameters and their distributions ([Figure 3C](#f3-ijn-7-5725){ref-type="fig"}) even became smaller and narrower (380 ± 130 nm) although a smaller sheath-to-core fluid rate ratio was taken. This could be attributed to the increase of conductivity of the sheath solution that contained the electrolyte AgNO~3~. As anticipated, the increase of sheath-to-core fluid rate ratio from 0.1 to 0.2 resulted in the nanofibers F4 ([Figure 3D](#f3-ijn-7-5725){ref-type="fig"}) with the smallest diameter and narrowest distribution (230 ± 70 nm).

As shown in the insets of [Figure 3C and D](#f3-ijn-7-5725){ref-type="fig"}, the reduced AgNPs were distributed on the surface of nanofibers F3 and F4. It is surprising that the AgNPs on the surface of nanofibers F3 have a diameter range of 50 to 100 nm, larger than those on the surface of nanofibers F4, which have a diameter range of 20 to 80 nm. When a sheath-to-core fluid rate ratio of 0.1 was used to conduct the modified coaxial electrospinning, the smaller flow of AgNO~3~ solution was not able to follow the core PAN fluid jet during the fast bending and whipping process. This results in a separation of the sheath AgNO~3~ solution and a nonuniform deposition of AgNO~3~ on the surface of nanofibers. Thus, a higher sheath-to- core fluid rate ratio of 0.2 should result in a more homogeneous distribution of AgNO~3~ on the surface of nanofibers F4 compared to that on the surface of nanofibers F3. When the Ag~+~ on the surface of PAN nanofibers was reduced to AgNPs, those on the surface of nanofibers F4 had a more uniform size and a tighter distribution than those on the surface of nanofibers F3. It is anticipated that reduction of Ag^+^ to AgNP on the surface of nanofibers should be beneficial to long-term stability of the system and prevent Ag leaching from the fibers.

Throughout the modified coaxial electrospinning, the sheath Ag^+^ solution would exert the following influences on the process ([Figure 4A](#f4-ijn-7-5725){ref-type="fig"}): (1) facilitating the formation of the Taylor cone due to lower surface tensions and high electrical conductivity; (2) surrounding the straight thinning jet of the core PAN solutions to prevent fast evaporation of the core solvent, while the sheath solvent itself outwardly evaporates to the open air; (3) following the core fluid to enter the bending and whipping region. The primary reason that the sheath solution acts to thin the nanofibers is that it prevents evaporation of solvents from the surface of the core spinning polymer solutions prematurely, and in turn retains the core jet in a fluid state thus allowing it to be subjected to electrical drawing for a longer period in the unstable region.[@b26-ijn-7-5725]--[@b28-ijn-7-5725]

During the modified process, the electrospinnable core fluid jets had sufficient viscoelastic forces to balance Coulomb forces so allowing an even and continuous drawing. However, the sheath Ag^+^ solution should break up into separate segments along the core PAN fluid jets due to lack of viscoelasticity at a certain place in the bending and whipping region as determined by the sheath rate ratio. When a relatively small sheath flow rate was taken, such as the case of nanofibers F3 in [Figure 4B](#f4-ijn-7-5725){ref-type="fig"}, the separation of sheath solutions on the surface of core fluid would be a little easier when the fluid jet still has a bigger size, which in turn formed larger and fewer AgNPs when they were reduced using ultraviolet light. When a relatively big sheath flow rate was used, such as the case of nanofibers F4 in [Figure 4C](#f4-ijn-7-5725){ref-type="fig"}, the surrounding Ag+ solutions remained with the core PAN fluid for a longer time to enter the late period of the bending and whipping when the fluid jets had a smaller diameter. Thus correspondingly the sheath solutions were divided into smaller segments on the core PAN fluid jets, which in turn formed smaller and more AgNPs when they were reduced.

The EDS of the nanofibers F4 indicate the presence of Ag on the surface of the fibers ([Figure 5](#f5-ijn-7-5725){ref-type="fig"}). The content of AgNPs in the PAN nanofibers was 7.12% by weight. The theoretical content of Ag in the nanofibers can be calculated from the electrospinning conditions: ie, (0.2 × 10%) × (108/170)/ \[(0.2 × 10%) × (108/170) + 1 × 15%\] = 7.81 %. The EDS result demonstrates that nearly all the AgNPs were successfully immobilized on the surface of PAN nanofibers F4.

Antibacterial activity
----------------------

The antibacterial capacities of AgNPs-coated PAN nanofibers F3 and F4 against Gram-positive *Wb800* and Gram-negative *E. coli dh5α* were explored by the viable cell counting method. Their abilities in inhibiting the growth of the test bacteria are shown in [Table 2](#t2-ijn-7-5725){ref-type="table"}. The ABE of the nanofibers F4 against *Wb800* and *E. coli dh5α* were over 99.9%. The ABE of the nanofibers F3 against *Wb800* were also over 99.9%, and that against *E. coli dh5α* was about 99.8%. Pure PAN nanofibers F2 did not show any antibacterial properties. The AgNPs distributed on the surface of PAN nanofibers F3 and F4 were responsible for the strong antibacterial activity of the nanofibers.

Previous electrospun polymer nanofibers have been employed as AgNPs-loaded matrices for the development antimicrobial materials. However, most of the functional Ag was buried in the inner part of the nanofibers and often a high content of Ag (up to 30%) was used in the formulation when single fluid electrospinning was exploited.[@b46-ijn-7-5725] In contrast, the present study showed excellent antibacterial efficacies with only a content of less than 4% (w/w) Ag in the nanofibers (nanofibers F3) generated using a modified coaxial process. The position of AgNPs on the PAN nanofiber surface could endow the PAN nanofibers with excellent antibacterial capacities, and avoid wasting the noble metal buried in the inner part of the nanofibers by traditional electrospinning processes.

Conclusion
==========

A modified coaxial electrospinning process was developed successfully to prepare a new type of antibacterial nanofiber in which AgNPs were distributed only on the surface of nanofibers to improve their antibacterial capability.

The nanofibers were prepared using a modified coaxial process and resulted in nanofibers that exhibited better quality than those obtained from the single fluid electrospinning in terms of nanofiber diameter, diameter distribution, and surface morphology. Under a sheath-to-core flow rate ratio of 0.2, the resultant PAN nanofibers have a diameter of 230 ± 70 nm with the AgNPs uniformly distributed on their surface. The antibacterial experiments demonstrated that both nanofibers F3 and F4 exhibited strong antimicrobial activities against *B. subtilis Wb800* and *E. coli dh5α* even with a low Ag content present. Our study provides an example of the systematic design, preparation, and application of a novel type of structural antibacterial materials coated with AgNPs via a modified coaxial electrospinning.
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![Schematic diagram of the modified coaxial electrospinning process (**A**) and the homemade concentric spinneret (**B**).](ijn-7-5725f1){#f1-ijn-7-5725}

![Digital pictures of the modified coaxial process: (**A**) A digital picture shows arrangement of apparatus; (**B**) The connection of power supply with the spinneret and the sheath and core fluids; (**C** and **D**) A typical fluid jet trajectory (taken with a magnification of 12×, a core and sheath flow rates of 1.0 and 0.2 mL/hour and a fiber collection distance of 20 cm) under a high voltage of 15 and 18 kV, respectively.\
**Abbreviation:** PAN, Polyacrylonitrile.](ijn-7-5725f2){#f2-ijn-7-5725}

![SEM images of PAN nanofibers prepared using different processes: (**A**) surface morphologies and diameter distribution of nanofibers F1 from single fluid electrospinning; (**B**) surface morphologies and diameter distribution of nanofibers F2 from a modified coaxial process with only DMAc as sheath fluid; (**C** and **D**) surface morphologies and diameter distribution of nanofibers F3 and F4 from a modified coaxial process with AgNO~3~ solution as sheath fluid, respectively. The scale bars in the insets of (**C** and **D**) represent 500 nm. (**E** and **F**) are TEM images of nanofibers F3 and F4, respectively.\
**Abbreviations:** AgNO~3~, silver nitrate; DMAc, *N*,*N*-dimethylacetamide; PAN, polyacrylonitrile; SEM, scanning electron microscopy; TEM, transmission electron microscopy.](ijn-7-5725f3){#f3-ijn-7-5725}

![A schematic diagram of the influence of the sheath flow rate on the formation of silver nanoparticles (AgNPs): (**A**) a typical fluid jet trajectory during electrospinning; (**B**) an illustration of AgNPs on the surface of nanofibers F3 when a smaller sheath-to-core flow rate ratio was exploited; (**C**) an illustration of AgNPs on the surface of nanofibers F4 when a relatively larger sheath-to-core flow rate ratio was exploited.\
**Abbreviation:** PAN, Polyacrylonitrile.](ijn-7-5725f4){#f4-ijn-7-5725}

![EDS spectrum of the Ag-containing electrospun PAN nanofibers F4.\
**Abbreviations:** EDS, energy-dispersive spectrometer; PAN, polyacrylonitrile.](ijn-7-5725f5){#f5-ijn-7-5725}

###### 

Experimental parameters for the fabrication nanofibers

  Number   Process   Sheath fluid       Flow rate (mL/h)   
  -------- --------- ------------------ ------------------ -----
  F1       Single    In atmosphere      --                 1.0
  F2       Coaxial   Pure DMAc          0.2                1.0
  F3       Coaxial   AgNO~3~ solution   0.1                1.0
  F4       Coaxial   AgNO~3~ solution   0.2                1.0

**Abbreviations:** AgNO~3~, silver nitrate; DMAc, *N*,*N*-dimethylacetamide.

###### 

The antibacterial effect of AgNPs-coated PAN nanofiber against *Wb800* and *Escherichia coli dh5α* (n = 6)

  Bacteria         Materials                                           Initial CFU[a](#tfn3-ijn-7-5725){ref-type="table-fn"}   CFU after 12 hours   ABE[b](#tfn4-ijn-7-5725){ref-type="table-fn"}
  ---------------- --------------------------------------------------- ------------------------------------------------------- -------------------- -----------------------------------------------
  *Wb800*          AgNO~3~[c](#tfn5-ijn-7-5725){ref-type="table-fn"}   1.5 × 10^5^                                             ≤10                  \>99.9
                   F2                                                  1.5 × 10^5^                                             6.6 × 10^6^          0
                   F3                                                  1.5 × 10^5^                                             2.8 × 10^3^          \>99.9
                   F4                                                  1.5 × 10^5^                                             1.8 × 10^3^          \>99.9
                   Blank                                               1.5 × 10^5^                                             6.4 × 10^6^          --
  *E. coli DH5α*   AgNO~3~[c](#tfn5-ijn-7-5725){ref-type="table-fn"}   1.5 × 10^5^                                             ≤10                  \>99.9
                   F2                                                  1.5 × 10^5^                                             7.1 × 10^6^          0
                   F3                                                  1.5 × 10^5^                                             1.2 × 10^4^          99.8
                   F4                                                  1.5 × 10^5^                                             7.5 × 10^2^          \>99.9
                   Blank                                               1.5 × 10^5^                                             7.0 × 10^6^          --

**Note:**

The colony forming units.

The anti-bacterial efficacy (%).

The weight of AgNO3 is 8 mg, equivalent to the content of AgNO3 in 60 mg nanofibers F4.

**Abbreviations:** ABE, antibacterial efficacy; AgNO~3~, silver nitrate; AGNPs, silver nanoparticles; CFU, colony-forming units; PAN, polyacrylonitrile.
